The first complete set of unified cross sections and rate coefficients are calculated for photoionization and recombination of He-and Li-like ions using the relativistic Breit-Pauli R-matrix method. We present total, unified (e + ion) recombination rate coefficients for (e + C V I −→ C V ) and (e + C V −→ C IV ) including fine structure. Level-specific recombination rate coefficients up to the n = 10 levels are also obtained for the first time; these differ considerably from the approximate rates currently available. Applications to recombination-cascade coefficients in X-ray spectral models of Kα emission from the important He-like ions are pointed out. The overall uncertainty in the total recombination rates should not exceed 10-20%. Ionization fractions for Carbon are recomputed in the coronal approximation using the new rates. The present (e + ion) recombination rate coefficients are compared with several sets of available data, including previous LS coupling results, and 'experimentally derived' rate coefficients. The role of relativistic fine structure, resolution of resonances, radiation damping, and interference effects is discussed. Two general features of recombination rates are noted: (i) the non-resonant (radiative recombination) peak as E, T → 0, and the (ii) the high-T resonant (di-electronic recombination) peak.
INTRODUCTION
Electron-ion recombination with H-and He-like ions is of particular interest in X-ray astronomy (Proc. X-ray Symposium, 2000) . X-ray emission in the Kα complex of He-like ions, such as C V, from the n = 2 → 1 transitions yields perhaps the most useful spectral diagnostics for temperature, density, ionization balance, and abundances in the plasma source (Gabriel 1972 , Mewe and Schrijver 1978 , Pradhan and Shull 1981 , Pradhan 1985 .
Li-like C IV is of considerable importance in UV emission spectra from active galactic nuclei and quasars (e.g. Laor et al. 1994) , as well as absorption in AGN (Crenshaw and Kraemer 1999) . In addition, the C IV and other Li-like ionization states are valuable tracers of the plasma in the 'hot interstellar medium' (Spitzer 1990 , Spitzer and Fitzpatick 1993 , Martin and Bowyer 1990 , Bregman and Harrington 1986 . The primary sets of atomic data needed for accurate calculations of ionization fractions are for photoionization and recombination.
Theoretical models of spectral formation also require excitation cross sections and transition probabilities. A considerable amount of atomic data is being computed for these atomic processes under the Iron Project (IP; Hummer et al. 1993) for electron impact excitation and radiative transition probabilities for astrophysically abundant elements using the Breit-Pauli R-matrix (BPRM) method that includes relativistic fine structure in intermediate coupling (Berrington et al. 1995) . The present work is an extension of the IP work to photoionization and recombination.
The ionization balance equations usually correspond to photoionization equilibrium photoionization and recombination parameters needed for astrophysical photoionization models with higher precision than hitherto possible.
Previous calculations of unified (e + ion) recombination cross sections and rates, reported in the present series on photoionization and recombination, were carried out in LS coupling (Nahar and Pradhan 1997, paper I; Nahar 1999 ). There were two reasons.
First, the calculations are extremely complex and involve both radiative photoionization and collisional electron-ion scattering calculations; the full intermediate coupling relativistic calculations are many times more computationally intensive than the LS coupling ones.
Second, the effect of relativistic fine structure was expected to be small for these light elements.
For the highly charged H-and He-like ions, however, subsequent calculations showed that results including the relativistic effects are signficantly more accurate not only in terms of more detailed resonance structure, but also to enable a full resolution of resonances necessary to include radiative damping (Pradhan and Zhang 1997, Zhang et al. 1999 , and references therein). The relativistic Breit-Pauli R-matrix (BPRM) method is now extended to calculate the total and level-specific recombination rate coefficients in the self consistent unified manner. In this paper we describe the first of a series of full-scale BPRM calculations of photoionization and photo-recombination, as inverse processes, and DR, to obtain total, unified (e + ion) recombination rates of He-and Li-like Carbon, C IV and C V.
THEORY
The extension of the close coupling method to electron-ion recombination is described in earlier works (Nahar & Pradhan 1994 , together with the details of the unified treatment. Here we present a brief description of the theory relevant to the calculations of electron recombination cross sections with H-like and He-like ions. The calculations are carried out in the close coupling (CC) approximation employing the R-matrix method in intermediate coupling with the BP Hamiltonian. The target ion is represented by an N-electron system, and the total wavefunction expansion, Ψ(E), of the (N+1) electron-ion system of symmetry SLπ or Jπ may be represented in terms of the target eigenfunctions as:
where χ i is the target wavefunction in a specific state SLπ or level J i π i and θ i is the wavefunction for the (N+1)-th electron in a channel labeled as
being its incident kinetic energy. Φ j 's are the correlation functions of the (N+1)-electron system that account for short range correlation and the orthogonality between the continuum and the bound orbitals.
In the relativistic BPRM calculations the set of SLπ are recoupled to obtain (e + ion) levels with total Jπ, followed by diagonalisation of the (N+1)-electron Hamiltonian,
The BP Hamiltonian is
where H N +1 is the nonrelativistic Hamiltonian,
and the additional terms are the one-body terms, the mass correction term, the Darwin term and the spin-orbit term respectively. Spin-orbit interaction, H so N +1 , splits the LS terms into fine-structure levels labeled by Jπ, where J is the total angular momentum.
The positive and negative energy states (Eq. 4) define continuum or bound (e + ion)
states.
where ν is the effective quantum number relative to the core level. If E < 0 then all continuum channels are 'closed' and the solutions represent bound states.
The photoionization cross section can be obtained as
where g is the statistical weight factor of the bound state, S is the dipole line strength,
and D is the dipole operator (e.g. Seaton 1987 ).
For highly charged ions (such as the H-and the He-like) radiative transition probabilities in the core ion are very large and may be of the same order of magnitude as autoionization probabilities. Autoionizing resonances may then undergo significant radiative decay and the photoionization process may be written as
Branch (ii) represents radiation damping of autoionizing resonances. In the present work this radiative damping effect is included for all near-threshold resonances, up to ν ≤ 10, using a resonance fitting procedure (Sakimoto et al. 1990 , Zhang et al. 1999 ).
Recombination of an incoming electron to the target ion may occur through non-resonant, background continuum, usually referred to as radiative recombination (RR),
which is the inverse process of direct photoionization, or through the two-step recombination process via autoionizing resonances, i.e. dielectronic recombination (DR):
where the incident electron is in a quasi-bound doubly-excited state which leads either to (i) autoionization, a radiation-less transition to a lower state of the ion and the free electron, or to (ii) radiative stabilization to recombining ion states predominantly via decay of the ion core (usually to the ground state) and the bound electron.
In the unified treatment the photoionization cross sections, σ PI , of a large number of low-n bound states -all possible states with n ≤ n max ∼ 10 -are obtained in the close coupling (CC) approximation as in the Opacity Project (Seaton 1987) . Coupled channel calculations for σ PI include both the background and the resonance structures (due to the doubly excited autoionizing states) in the cross sections. The recombination cross section, σ RC , is related to σ PI , through detailed balance (Milne relation) as
in Rydberg units; α is the fine structure constant, ǫ is the photoelectron energy, and I is the ionization potential. In the present work, it is assumed that the recombining ion is in the ground state, and recombination can take place into the ground or any of the excited recombined (e+ion) states. Recombination rate coefficients of individual levels are obtained by averaging the recombination cross sections over the Maxwellian electron distribution, f (v), at a given temperature as
The contributions of these bound states to the total σ RC are obtained by summing over the contributions from individual cross sections. σ RC thus obtained from σ PI , including the radiatively damped autoionizing resonances (Eq. (10)), corresponds to the total (DR+RR) unified recombination cross section.
The recombination cross section, σ RC in Megabarns (Mb), is related to the collision strength, Ω RC , as
where k 2 i is the incident electron energy in Rydberg. As σ RC diverges at zero-photoelectron energy, the total collision strength, Ω, is used in the recombination rate calculations.
Recombination into the high-n states must also be included, i.e. n max < n ≤ ∞, (Fig. 1 of Nahar & Pradhan 1994) . To each excited threshold S i L i (J i )π i of the N-electron target ion, there corresponds an infinite series of (N+1)-electron states, S i L i (J i )π i νℓ, to which recombination can occur, where ν is the effective quantum number. For these states DR dominates the recombination process and the background recombination is negligibly small.
The contributions from these states are added by calculating the collision strengths, Ω DR , employing the precise theory of radiation damping by Seaton (1985, Nahar & . Several aspects related to the application of the theory to the calculation of DR collision strengths are described in the references cited. General details of the theory and close coupling BPRM calculations are described in paper I and Zhang et al. (1999, and references therein).
COMPUTATIONS
The electron-ion recombination calculations entail CC calculations for photoionization and electron-ion scattering. Identical eigenfunction expansion for the target (core) ion is employed for both processes; thus enabling inherently self-consistent photoionization/recombination results in an ab initio manner for a given ion. The total recombination cross sections, σ RC , are obtained from the photoionization cross sections, σ PI , and DR collision strengths, Ω DR , are calculated as descriped in paper I and Zhang et al. (1999) . However, the computations for the cross sections are repeated with a much finer energy mesh in order to delineate the detailed resonance structures as observed in the experiments.
Computations of photoionization cross sections, σ PI , in the relativistic BPRM intermediate coupling approximations are carried out using the package of codes from the Iron Project (Berrington et al. 1995; Hummer et al. 1993) . However, radiation damping of resonances up to n = 10 are included through use of the extended codes of STGF and STGBF . The R-matrix calculations are carried out for each total angular momentum symmetry Jπ, corresponding to a set of fine structure target levels J t .
In the energy region from threshold up to about ν = ν max = 10 (ν is the effective quantum number of the outer orbital of the recombined ion bound state), detailed photorecombination cross sections are calculated as is Eq. (12). The electrons in this energy range recombine to a large number of final (e + ion) states and recombination cross sections are computed for all coupled symmetries and summed to obtain the total σ RC . The number of these final recombined states in the BPRM case is larger, owing to more channels involving fine structure, than the LS coupling case.
In the higher energy region, ν max < ν < ∞ below each threshold target level, where the resonances are narrow and dense and the background is negligible, we compute the detailed and the resonance averaged DR cross sections. The DR collision strengths in BPRM are obtained using extensions of the R-matrix asymptotic region codes (paper I; Zhang and Pradhan 1997) respectively. It is necessary to use extremely fine energy meshes in order to delineate the resonance structures belonging to each n-complex.
The level specific recombination rate coefficients are obtained using a new computer program, BPRRC (Nahar and Pradhan 2000) . The program extends the photoionization cross sections at the high energy region, beyond the highest target threshold in the CC wavefunction expansion of the ion, by a tail from Kramers fit of
The level specific rates are obtained for energies going up to infinity. These rates include both non-resonant and resonant contributions up to energies z 2 /ν 2 max ; Contributions from all autoionizing resonances up to ν ≤ ν max ≈ 10 are included.
The program BPRRC sums up the level specific rates, which is added to the contributions from the high-n DR, to obtain the total recombination rates. As an additional check on the numerical calculations, the total recombination rate coefficients, α R , are also calculated from the total recombination collision strength, obtained from all the photoionization cross sections, and the DR collision strengths. The agreement between the two numerical approaches is within a few percent.
The background contribution from the high-n states, (10 < n ≤ ∞), to the total recombination is also included as the "top-up" part (Nahar 1996) . This contribution is important at low temperatures, but is negligible at high temperatures. The rapid rise in α R toward very low temperatures is due to low energy recombination into the infinite number of these high-n states, at electron energies not usually high enough for resonant excitations.
Below we describe the calculations individually for the ions under consideration.
e + C V −→ C IV
The fine structure levels of the target ion, C V, included in the wavefunction expansion for C IV are given in Table 1 . The 13 fine structure levels of C V up to 3p correspond to configurations 1s 2 , 1s2s, 1s2p, 1s3s, 1s3p (correlation configurations also involve the n = 4 orbitals). Although calculated energies are within a few percent of the observed ones, the latter are used in the computations for more accurate positions of the resonances.
The bound channel wavefunction, second term in Ψ in Eq. (3), contains configuration 3d 2 . Levels of angular momentum symmeties 1/2 ≤ J ≤ 9/2 are considered. With largest partial wave of the outer electron is l = 9, these correspond to 0 ≤ L ≤ 7 in doublet and quartet spin symmetries. The R-matrix basis set is represented by 30 continuum functions.
It is necessary to represent the wavefunction expansion in the inner region of the R-matrix boundary with a relatively large number of terms in order to avoid some numerical problems that result in slight oscillation in computed cross sections.
e + C VI −→ C V
The wavefunction expansion of C V is represented by 9 fine structure levels (Table 1) of hydrogenic C VI from 1s to 3d. Correlation orbitals 4s, 4p, 4d, and 4f are also included.
The SLπ symmetries consist of 0 ≤ L ≤ 7 of singlet and triplet spin symmetries, for even and odd parities. All levels of C V with total angular momentum symmetry 0 ≤ J ≤ 6 are included. The R-matrix basis set consist of 40 terms to reduce numerical instablities that might otherwise result in slight oscillations in the cross sections.
RESULTS AND DISCUSSION
Results for photoionization and recombination are presented below, followed by a discussion of the physical features and effects.
Photoionization
The ground state cross sections are needed for various astrophysical models, such as in determination of ionization fraction in photoionization equilibrium of plasma. Figs. 1 and 2 present the ground state photoionization cross section for C IV (1s 2 2s ( 2 S 1/2 )) and and Fig. 2(a) show the K-shell ionization jump at the n = 2 target levels, i.e. inner-shell photoionization hν + C IV (1s 2 2s, 2p) −→ e + 1s2s (, 2p) , and hν + C V (1s 2 , 1s2p) −→ e + 2s (, 2p) .
In X-ray photoionization models these inner-shell edges play an important role in the overall ionization efficiency.
For both C IV and C V, the first excited target n = 2 threshold(s) lie at a high energy and the cross sections show a monotonic decrease over a relatively large energy range.
(Slight oscillations are seen in the ground level of C V due to some numerical instability;
as mentioned earlier, such oscillations are reduced using larger R-matrix basis set.) The resonances at high energies belong to Rydberg series of n = 2, 3 levels.
Recombination cross sections and rate coefficients
Figs. 3(a,b) present the total recombination cross sections, σ RC , for C IV and C V.
In contrast to the earlier presentation for the small energy range (Zhang et al. 1999 ) to compare with experiments, the figures display the cross sections from threshold up to the energy of the highest target threshold, 3d, considered in the present work. The resonances belong to different n-complexes; these are in close agreeement with experimental data (Zhang et al. 1999) . The solid curve is the present α R in relativistic BP approximation, and short-long dashed is earlier unified rates in LS coupling and where radiation damping effect was not included (Nahar & Pradhan 1997 ). In the high temperature region, the earlier LS rates significantly overestimat the recombination rate. We compare the present BPRM rates with several other available sets of data, e.g. 'experimentally derived DR' rates (dot-long dashed curve, Savin 1999; which in fact include both the RR+DR contribution -see below), and previous theoretical DR rate coefficients in LS coupling (dot-dashed curve, Badnell et al. 1990 ).
Zhang et al (1999) compared in detail the BPRM cross sections with experimental data from ion storage rings for e + C V → C IV , with close agreement in the entire range of measurements for both the background (non-resonant) cross sections and resonances.
The reported experimental data is primarily in the region of low-energy resonances that dominate recombination (mainly DR) with H-and He-like ions. The recombination rate coefficients, α R , obtained using the cross sections calculated by Zhang et al. (dotted curve) agree closely with those of Savin (1999) (dot-long dash curve) who used the experimental cross sections to obtain 'experimentally derived DR rates'. However, these rates do not include contributions from much of the low energy non-resonant RR and very high energy regions. The total unified α R (T ) (solid curve) which include all possible contributions is, therefore, somewhat higher than that obtained from limited energy range. The LS coupling DR rate by Badnell et al. (1990) (dot-dash curve) is lower than the others. The dashed and the long-dashed curves in the figure are RR rates by Aldrovandi & Pequignot (1973) , and Verner and Ferland (1996) ; the latter agrees with the present rates at lower temperatures.
In Figs. 5 and 6 we show the level-specific recombination rate coefficients into the lowest, and the excited, bound levels of C IV, for the 1s 2 ns, np Rydberg series up to n = 10. These are the first such calculations; level-specific data have been obtained for all ℓ ≤ 9 and associated Jπ symmetries. The behavior of the level-specific rates mimics that of the total (this is only true for the simple systems under consideration; in general the level specifc rates show significantly different structure for complex ions, as seen in our previous works). The only distinguishing feature is the DR bump. Since the numerical computations are enormously involved, particularly related to the resolution of resonances, the absence of any unidentified features in the level-specific rates is re-assuring.
Total α R (T ) for e + CV I → CV are given in Table 2 , and are plotted in Fig. 7 .
The total unified recombination rate coefficients in the present BPRM calculations are plotted in the solid curve. The short-long dashed curve represents earlier rates obtained in LS coupling and with no inclusion of radiation damping of low-n autoionizing resonanes (Nahar & Pradhan 1997 Aldrovandi & Pequignot (1973) , and Verner and Ferland (1996) ; they agrees with the present rates at lower temperatures. Table 2 presents the unified total BPRM recombination rate coefficients of C IV and C V averaged over a Maxwellian distribution. Fig. 8 shows the level-specific rate coefficients for the ground and the excited n = 2 levels that are of considerable importance in X-ray spectroscopy, as they are responsible for the formation of the w,x,y,z lines from the 4 transitions
Level-specific recombination rate coefficients
. The present work is particularly relevant to the formation of these X-ray lines since recombination-cascades from excited levels play an important role in determining the intensity ratios in coronal equilibrium and non-equilibrium plasmas (Pradhan 1985) .
The rates in Fig. 8 differ considerably from those by Mewe & Schrijver (1978, hereafter MS) that have been widely employed in the calculation of X-ray spectra of He-like ions (e.g. Pradhan 1982) . We compare with the direct (RR + DR) rates separately calculated by MS using approximate Z-scaled RR and DR rates for the individual n = 2 levels of He-like ions. Their RR rates were from Z-scaled recombinaton rate of He + given by Burgess & Seaton (1960) ; the LS coupling data were divided according to the statistical weights of the fine structure levels. Their DR rates were obtained using averaged autoionization probabilities, Z-scaled from iron (Z = 26) and calculated with hydrogenic wavefunctions, together with radiative decay probabilities of the resonant 2s2p, 2p 2 , (2p 3s, 2p3p, 2p3d) levels, decaying to the final n = 2 levels of He-like ions. The present work on the other hand includes DR contributions from all resonances up to 2p nℓ; n ≤ 10, ℓ ≤ n − 1. Figs.
3 and 4 of Zhang et al. (1999) show the detailed photorecombination cross sections for these resonance complexes. But the present rate coefficients are much lower (Fig. 8) . It is surprising that the MS rates are much higher than the present ones. If we consider, for example, the level-specific rate for the 1s2s ( 3 S 1 ) level, the MS value includes contributions from only 2s2p, 3s2p, 3p2p autoionizing levels. That the MS values overestimate the rates is also indicated by the fact that, at Log T = 6.4 (the DR-peak temperature, Fig. 7 ), the sum of their individual n = 2 level-specific rates is 1.5 ×10 −12 cm −3 sec −1 , compared to our unified total α R = 2.27 ×10 −12 cm −3 sec −1 (Table 2 ; C V). That would imply that the MS rates for the n = 2 levels alone account for 2/3 of the total recombination (RR + DR) rate for C V; which is unlikely. Recombination-cascade matrices may now be constructed for C IV and C V, and effective recombination rates into specific levels obtained accurately, using the direct recombination rates into levels with n ≤ 10, ℓ ≤ n − 1 (Pradhan 1985) . The present data is more than sufficient for extrapolation to high-n,ℓ necessary to account for cascade contributions. Also needed are the radiative transition probabilities for all fine structure levels of C IV and C V, up to the n = 10 levels. They have also been calculated using the BPRM method, and will be available shortly (Nahar, in preparation) . These data will be similar to that for Fe XXIV and Fe XXV calculated earlier under the Iron Project (Nahar and Pradhan 1999).
We discuss below some of the important atomic effects relavant to the present calculations in particular, and electron-ion recombination in general.
Resolution and radiation damping of resonances
It is important to resolve near-threshold resonances (ν ≤ 10) at an adequately fine energy mesh in order to (a) compute accurately their contribution to the rate coefficient or the averaged cross section, and (b) to determine the radiative and autoionization rates through the fitting procedure referred to eariler (Sakimoto et al. 1990 , Zhang et al. 1999 . Resonances that are narrower than the energy intervals chosen have very low autoionization rates and are mostly damped out; their contribution to (a) should be small.
Intereference between resonant (DR) and non-resonant (RR) recombination
In general there is quantum mechanical interference between the resonant and the Luo et al. 1989) . Strictly speaking, one needs to consider the partial photoionization cross sections for each of the three cases (dipole photoionization): ∆S = 0, ∆l = 0, ±1 in LS coupling, or ∆J = 0, ±1 in BPRM calculations.
Although these are not often tabulated or displayed, an examination thereof reveals that for near-neutrals each partial cross section shows overlapping resonances. As the ion charge increases, the resonances separate out, the intereference decreases, and isolated resonance approximations may be used (Pindzola et al. 1992 , Zhang 1998 .
Therefore, in general, we expect interference between the non-resonant RR and resonant DR recombination processes, particularly for many-electron systems where a separation between the two processes is unphysical and imprecise. Of course experimentally such a division is artificial and is not possible. For example, the recent experimental measurements on electron recombination with Fe XVIII to Fe XVII (Savin et al. 1999) clearly show the near threshold cross section to be dominated by the non-resonant recombination (RR) towards E → 0, with superimposed resonance structures (the DR contribution) at higher energies. In a recent work Savin (1999) cited the work of Pindzola et al. (1992) to state that the effect of interferences is small (Pindzola et al. did not carry out close coupling calculations such as in the Opacity Project). Although this is not true in general, for highly ionized few-electron ions one expects sufficient resonance separation so that an independent treatment of RR and DR may be accurate; such is the case for recombination with H-like and He-like ions. The present unified treatment accounts for interference effects in an ab initio manner, and (e + ion) rates have been calculated for over 40 atoms and ions of astrophysical interest (heretofore, in LS coupling).
Comparision with experimental data and uncertainties
Although experimental results are available for relatively few ions in limited energy ranges, and mostly for simple atomic systems such as the H-like and He-like ions, they are very useful for the calibration of theoretical cross sections. There is very good agreement with experimentally measured cross sections for electron recombination to C IV, C V, and O VII, as discussed in detail by Zhang et al. (1999) . However, the energy range of experimental measurements is much smaller; the theoretical calculations are from E = 0 to very high energies necessary to obtain rate coefficients up to T = 10 9 K. For recombination with H-and He-like ions most (but not all) of the rates depends on relatively few low-n complex of resonances in the low-energy region covered by experiments. In a recent work Savin (1999) used the experimental cross sections for recombination with C V to C IV, and O VIII to O VII, to obtain 'experimentally derived DR' rate coeffcients and compared those with several sets of theoretical data including those in papers I and II. (Strictly speaking these rates include 'RR + DR' contributions since the experimental cross sections always include both, and which the unified method aims to obtain). Whereas the previous LS coupling results for C IV (paper I) were 43% higher than Savin's values, the results for O VII were in reasonable agreement, ∼20% higher, within estimated uncertainties.
The agreement between the unified rates and the experimentally derived DR rates is within our 10-20% in the region (i.e. at temperatures) where DR contribution peaks, around Log(T) = 6.3 for C IV (Fig. 2) . As the reported experimental data did not extend to low energies, where the non-resonant RR contribution dominates, the unified rates are higher towards lower temperatures from the DR peak, and deviate in a predictably straightforward manner from the DR-only results. The 'experimentailly derived' data by Savin (1999) was obtained with a limited energy range, while our present results include a much larger range. Therefore our results are higher. The dotted curve in Fig. 4 , which we also obtained over a limited energy range, agrees well with the dot-long-dashed curve (Savin 1999 ). The differences are within our estimate of uncertainty in the present results, up to 20%. Given that the experimental cross sections are also likely to be uncertain to about this range, the agreement seems remarkably good.
While the present unified cross sections can be compared directly with experimental measurements, and the new rate coefficients are in good agreement with the experimentaly derived DR rates for recombination with simple ions such as the H-and He-like, the experimental data may represent a lower bound on the field-free theoretical recombination rates owing to (a) high-n and ℓ ionization reducing the 'DR' peak, and (b) limited energy range in experiments.
General features of (e + ion) recombination rates
The non-resonant 'RR' recombination peaks as E, T → 0. This is due to the dominant contribution from an infinite number of high Rydberg states of the (e + ion) system into which the slow moving electron may recombine. At low-E and T, the total log 10 (α R (T )) is shown as a straight line on the Log-Log scale due to the exponential Maxwellian damping factor exp(-E/kT). It is not entirely trivial to compute the low-E and T contributions (that we refer to as "high-n top-up"). We adapt the accurate numerical procedure developed by Storey & Hummer (1992) to calculate the n,ℓ hydrogenic photoionization cross section for 11 ≤ n ≤ ∞ (Nahar 1996) . It is noted that the high-n top-up also represents the otherwise missing background contribution due to high-n resonant recombination (DR). Although this background contribution is small (negligibly so for the H-and He-like ions), it is included in the unified treatment.
The resonant contribution (DR) peaks at higher E and T corresponding to the excitation energies and temperatures of the strong dipole transition(s) in the core ion. This is the broad peak in α R (T ). and Rothenflug (1985) , and previous results (dotted lines) using LS coupling rates from (Nahar and Pradhan 1997) . Differences with both sets of data may be noted for C IV, C V, C VI, and C VII. The most significant change (enhancement) is for C VI, owing to the decrease in C V recombination rate, and the new ionization fractions appear to be in better agreement with Arnaud and Rothenflug (1985) than the Nahar and Pradhan (1997) results. Also discernible is the steeper fall-off in the C V ionization fraction on the high temperatures side.
Ionization fractions of Carbon

CONCLUSION
New relativistic calculations are presented for the total, unified (e + ion) rates coefficients for C IV and C V of interest in X-ray astronomy. As the photo-recombination cross sections in the dominant low-energy region have earlier been shown to be in very good agreeement with experiments (Zhang et al. 1999) , it is expected that the present rates should be definitive, with an uncertainty that should not exceed 10-20%.
The unified theoretical formulation and experimental measurements both suggest that the unphysical and imprecise division of the recombination process into 'radiative recombination (RR)' and 'di-electronic recombination (DR)' be replaced by 'non-resonant'
and 'resonant' recombination, since these are naturally inseparable. Table 2 : Total recombination rate coefficients, α R (T ), of C IV and C V. This manuscript was prepared with the AAS L A T E X macros v3.0. -(e + C V) −→ C IV; total unified rate coefficients: BPRM (with fine structure), solid curve; LS coupling, short and long dashed curve; from Zhang et al (1999) , dotted; from Savin (1999) , dot-long dash curve; LS coupling DR rates from Badnell et al (1990) , dot-dash curve; RR rates from Aldrovandi and Pequignot (1973) , short-dash; RR rates from Verner and Ferland (1996) , long-dash. -(e + C VI) −→ C V; total unified rate coefficients: BPRM with fine structure -solid, LS coupling -short and long dashed, using Zhang et al. (1999) cross sections in the same range as experimental data -dotted; DR rates by Shull & Steenberg (1982) -dotdash; RR rates: Aldrovandi and Pequignot (1973) -short-dash; Verner and Ferland (1996) -long-dash. recombination rates for C IV and C V -solid curve; using the LS coupling rates by Nahar and Pradhan (1997) -dashed curve; ionization fractions from Arnaud and Rothenflug (1985) -dotted curve.
